The design and control of a novel proof-of-concept active jet engine intake using Nickel-Titanium (Ni-Ti or Nitinol) shape memory alloy (SMA) wire actuators is used to demonstrate the potential of an adaptive intake to improve the fuel efficiency of a jet engine. The Nitinol SMA material is selected for this research due to the material's ability to generate large strains of up to 5 percent for repeated operations, a high power-to-weight ratio, electrical resistive actuation, and easy fabrication into a variety of shapes. The proof-of-concept engine intake employs an overlapping leaf design arranged in a concentric configuration. Each leaf is mounted on a supporting bar that rotates upon actuation by SMA wires electrical resistive heating. Feedback control is enabled through the use of a laser range sensor to detect the movement of a leaf and determine the radius of the intake area. Due to the hysteresis behavior inherent in SMAs, a nonlinear robust controller is used to direct the SMA wire actuation. The controller design utilizes the sliding-mode approach to compensate for the nonlinearities associated with the SMA actuator. Feedback control experiments conducted on a fabricated proof-of-concept model have demonstrated the capability to precisely control the intake area and achieve up to a 25 percent reduction in intake area. The experiments demonstrate the feasibility of engine intake area control using the proposed design.
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Introduction
Modern aircraft engine intake designs utilize a variety of different shapes and sizes to achieve optimal engine performance under varying operating conditions. Recent research has demonstrated the potential of using smart materials to actively adjust the inlet area of a jet engine to improve fuel efficiency, vehicle flight performance, mission effectiveness, and vehicle life cycle cost (Pitt et al., 2001) . Shape memory alloy (SMA) materials represent one of the candidate smart materials to provide the necessary actuation to achieve a variable area intake due to the SMAs high power to weight ratio, solid state actuation, and high corrosion resistance.
SMAs refer to a group of alloy materials that have the inherent ability to return to a predetermined shape upon heating. This phenomenon is called the shape memory effect. When a SMA is below its transformation temperature, the material is weak and can easily be plasticly deformed upon loading into a new shape in which the SMA will remain until heated. When the SMA is heated above its transformation temperature, the newly deformed shape is no longer stable since a crystal phase transformation takes place which transforms the SMA to its original shape. During this process, the SMA can provide extremely large restoration forces or large strain recovery. For example, the commonly used SMA material Nitinol, which consists of an alloy of nickel and titanium, is capable of up to 5 percent recovery strain and 500 MPa of restoration stress under repeated operations.
In aerospace applications, the main advantage of SMAs arises from the high power-to-weight ratio in comparison to conventional actuators such as electrical motors or hydraulic actuators. Specific aerospace applications that have been investigated using SMA actuators include: control of a variable area fan nozzle using a SMA bundled cable actuator (Rey et. al., 2001 and Barooah and Rey, 2002) ; correcting the blade dissimilarities of a helicopter in flight (Epps and Chopra, 2001) ; changing the airfoil geometry of a fixed wing (Wolf and Gunter, 2001) ; and a smart inlet for supersonic flight (Pitt et al., 2001) .
In this paper, the application of SMA actuators for aerospace applications is extended by presenting a novel proof-of-concept active jet engine intake using Nitinol shape memory alloy wire actuators. The design of the intake model is described and the dynamic performance is examined by conducting openloop tests. A nonlinear sliding-mode based robust controller is implemented for the feedback control design and the system is tested for both position regulation and tracking.
Proof-of-Concept of an Engine Intake
In order to demonstrate the feasibility of controlling the variable area intake with the Nitinol SMA actuator, a proof-of-concept intake model was designed and fabricated. Figure 1 shows the front view of this model. The model consists of four parts: eight overlapping leaves, eight supporting bars, the cylindrical frame structure, and the SMA wire actuator system. The inner wall of the intake model is constructed by overlapping eight brass leaves in a concentric configuration. Each of the leaves is mounted on a supporting bar. The eight supporting bars are evenly distributed along the circumference of the cylindrical frame structure. One end of each supporting bar is hinged to the frame and the other end is constrained by a pre-strained extension spring. The SMA actuator consists of a group of three Nitinol wires 0.015 inches in diameter that restrains the supporting bars in a ring configuration. Figure 2 illustrates a close-up view of a supporting bar and the associated leaf. In actual operations, the SMA wire group contracts upon electrical resistive heating which causes the supporting bars, along with the leaves, to move inwards toward the center of the cylindrical frame. The result of this action is a corresponding decrease in the overall intake area that also serves to further strain the extension springs. Upon removal of the electrical current, the SMA actuator cools down and the strained extension springs pull the supporting bars back to their original positions in order to recover the original intake area.
The supporting bars also function as a motion amplification mechanism to increase displacements given the 5 percent limited strain provided by the SMA actuator for repeatable operations. Considering the specific geometry of this intake model, the relationship between the tip displacement y of the each supporting bar and the SMA wire's deformation ∆x is given as
where L is the bar length and L 1 is the distance from the hinge to the point where the contracting force from the SMA actuator is applied. An appropriate selection of L to L 1 ratio results in an amplification factor of 5 for the current model.
Open-Loop Testing of the Intake Model
An experimental study was developed to conduct open-loop testing and to implement the feedback control of the intake prototype. The experimental setup consists of a digital data acquisition and real-time control system, a laser range sensor, a programmable power amplifier, and the intake model. The laser range sensor is employed to detect the tip displacement of one of the supporting bars, which is subsequently used to calculate the intake area. A programmable power amplifier is used to activate the SMA wires through electric resistive heating.
In the open-loop testing of the intake, two types of input signals were applied to the SMA actuator: a single-square wave signal and a sinusoidal signal. From the response to a single-square wave signal with 30 seconds of heating depicted in figure 3 , the maximum displacement at the tip of the supporting bar is 9 mm, corresponding to a 25 percent reduction of the intake area. The SMA actuator requires about 25 seconds to reach its maximum stroke, but takes a longer time period of almost 80 seconds to return to its original area due to the slow heat dissipation. Since the heat dissipation in this experiment occurred mainly through natural convection, the response of the device during the cooling period can be improved by using forced convection. Figure 4 shows the displacement responses of the supporting bar under actuation from two different sinusoidal signals. The tip position reaches a maximum of 9mm for both the 1/90 Hz and 1/120 Hz input signals. However, due to the slower response during cool down, the SMA actuator for the 1/90 Hz signal does have not enough time to completely recover the original area before being reactivated. 
Feedback Control Design
As mentioned previously, the ability to alter the intake area under different flight conditions provides the potential to improve the performance and efficiency of jet engines. A robust feedback control system is expected to provide a key component to accomplishing this adaptive capability in a stable manner. However, one major obstacle in designing the control system is the hysteretic behavior of the SMA actuator. Figure 5 illustrates the hysteretic relationship between the input voltage signal and tip position of the supporting bar. This inherent hysteresis behavior associated with SMA actuation results from the friction effect between adjunct crystal layers during phase transformation. The implication of the SMAs hysteresis behavior is that inaccurate positioning and potential instability will result from using traditional linear control systems. Thus, in order to achieve high precision and robust stability, a nonlinear control system must be used.
In general, only a few different control algorithms have been investigated for SMA actuators ranging from proportional-integral (PI) control (Majima, Kodama, and Hasegawa, 2001) , the H-infinity control (Choi, Han, and Cheong, 2001) , and the variable structure control (Grant and Hayward, 1997) . In this paper, a nonlinear sliding-mode controller based on a smooth robust controller is used. This type of controller has been successfully utilized for the control of nonlinear systems with uncertainties in applications involving robotic manipulators with joint friction (Song and Mukherjee, 1998) and in SMA wire actuators (Song and Quinn, 2000) . The theoretical analysis details for this type of robust controller can be found in Song and Mukherjee (1998) .
The sliding mode based robust controller is commonly used to control nonlinear systems. There are three categories of sliding-mode based robust controllers: the bang-bang controller, the saturation controller, and the smooth time-varying controller employing a hyperbolic tangent function with timevarying gain (Song and Mukherjee, 1998) . The advantage of the smooth time-varying controller is the ability to guarantee the asymptotical stability while eliminating the chattering that is a drawback of the bang-bang controller. Considering the physical limitations of the position sensor in the developed model, bounded stability will satisfy the requirements for practical applications. Thus, in this paper, the smooth time-varying controller with a fixed gain will be used. , where e is the control error and λ is a positive number. Kr consists of two components: a proportional action e Kλ , and a derivative action e K . From equation (2), the control action is composed of three parts: a feedforward action u f , a Proportional plus Derivative (PD) action Kr, and a robust compensator
. The u f is a feedforward action that is defined as
where k f is a positive constant gain and T is a positive time constant. The feedforward action is designed to provide the appropriate amount of current required for the SMA actuator to follow the desired path. In general, the actuator system with a bias spring can be approximated as a first order system with a time constant T if the current is considered to be the input and the displacement is the output. However, this first order model does not include the effects of the hysteresis loop. In addition, the effects of the mass of the moving parts and viscous friction in this system are neglected. In this experiment, T can be estimated based on the actuator's step responses. The PD control action helps to increases the damping and to stabilize the system. The robust compensator is used to compensate for the hysteresis loop, as well as other modeling uncertainties and external disturbances.
Experimental Results
Real-time feedback control experiments of the adjustable area of the intake model were conducted using the proposed sliding-mode based robust controller. Two tasks were used to evaluate the control performance: position regulation and trajectory tracking. For the position regulation task, the supporting bar was required to move 5mm for a 50 second duration before moving back to the original position as shown in figure 6 . In a second test, the supporting bar was required to move 5mm for a 50 second duration and then to hold at the 2mm intermediate position for the rest of the test as illustrated in figure 7 . From the two figures, the position responses are shown to be much faster than those from the open-loop testing, with relatively small steady state errors. The transient performance is also satisfactory since there is no overshoot. The stability of the system was ensured during the entire position regulation task. For the trajectory tracking task, the goal was to follow a 1/150 Hz sinusoidal wave. The maximum and minimum values of the wave are 5mm and 1mm, respectively. Figure 8 depicts the actual and desired trajectories and demonstrates that the actual movement of the intake system closely follows the desired trajectory. The tracking error is shown in figure 9 and illustrates the value of root-mean-square error is around 0.03mm. The design and control of a novel proof-of-concept active jet engine intake using Nickel-Titanium (Ni-Ti or Nitinol) shape memory alloy (SMA) wire actuators is used to demonstrate the potential of an adaptive intake to improve the fuel efficiency of a jet engine. The Nitinol SMA material is selected for this research due to the material's ability to generate large strains of up to 5 percent for repeated operations, a high power-to-weight ratio, electrical resistive actuation, and easy fabrication into a variety of shapes. The proof-of-concept engine intake employs an overlapping leaf design arranged in a concentric configuration. Each leaf is mounted on a supporting bar that rotates upon actuation by SMA wires electrical resistive heating. Feedback control is enabled through the use of a laser range sensor to detect the movement of a leaf and determine the radius of the intake area. Due to the hysteresis behavior inherent in SMAs, a nonlinear robust controller is used to direct the SMA wire actuation. The controller design utilizes the sliding-mode approach to compensate for the nonlinearities associated with the SMA actuator. Feedback control experiments conducted on a fabricated proof-of-concept model have demonstrated the capability to precisely control the intake area and achieve up to a 25 percent reduction in intake area. The experiments demonstrate the feasibility of engine intake area control using the proposed design.
